Blood flow velocity in the Popliteal Vein using Transverse Oscillation Ultrasound. by Bechsgaard, Thor et al.
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners 
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
• You may not further distribute the material or use it for any profit-making activity or commercial gain 
• You may freely distribute the URL identifying the publication in the public portal  
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
   
 
Downloaded from orbit.dtu.dk on: Nov 08, 2017
Blood flow velocity in the Popliteal Vein using Transverse Oscillation Ultrasound.
Bechsgaard, Thor ; Lindskov Hansen, Kristoffer; Brandt, Andreas Hjelm; Holbek, Simon; Lönn, Lars;
Strandberg, Charlotte; Bækgaard, Niels; Bachmann Nielsen, Michael; Jensen, Jørgen Arendt
Published in:
Proceedings of SPIE
Link to article, DOI:
10.1117/12.2216725
Publication date:
2016
Document Version
Peer reviewed version
Link back to DTU Orbit
Citation (APA):
Bechsgaard, T., Lindskov Hansen, K., Brandt, A. H., Holbek, S., Lönn, L., Strandberg, C., ... Jensen, J. A.
(2016). Blood flow velocity in the Popliteal Vein using Transverse Oscillation Ultrasound. In N. Duric, & B. Heyde
(Eds.), Proceedings of SPIE (Vol. 9790). [979003] SPIE - International Society for Optical Engineering. DOI:
10.1117/12.2216725
  
 
 
Blood flow velocity in the Popliteal Vein 
using Transverse Oscillation Ultrasound 
 
Thor Bechsgaard
ab
, Kristoffer Lindskov Hansen
a
, Andreas Hjelm Brandt
ab
, 
Simon Holbek
b
, Lars Lönn
ac
, Charlotte Strandberg
d
, Niels Bækgaard
e
, 
Michael Bachmann Nielsen
a
, Jørgen Arendt Jensen
b
 
 
a
Department of Radiology, Rigshospitalet, Copenhagen University Hospital, 
2100 Copenhagen, Denmark 
b
Center for Fast Ultrasound Imaging, Technical University of Denmark, 
2800 Lyngby, Denmark 
c
Department of Vascular Surgery, Copenhagen University Hospital, 
2100 Copenhagen, Denmark 
d
Department of X-ray and Scanning, Gentofte Hospital, Copenhagen University Hospital, 
2900 Hellerup, Denmark 
e
Department of Vascular Surgery, Gentofte Hospital, Copenhagen University Hospital, 
2900 Hellerup, Denmark 
 
ABSTRACT 
Chronic venous disease is a common condition leading to varicose veins, leg edema, post-thrombotic syndrome and 
venous ulcerations. Ultrasound (US) is the main modality for examination of venous disease. Color Doppler and 
occasionally spectral Doppler US (SDUS) are used for evaluation of the venous flow. Peak velocities measured by SDUS 
are rarely used in a clinical setting for evaluating chronic venous disease due to inadequate reproducibility mainly caused 
by the angle dependency of the estimate. However, estimations of blood velocities are of importance in characterizing 
venous disease. Transverse Oscillation US (TOUS), a non-invasive angle independent method, has been implemented on 
a commercial scanner. TOUS’s advantage compared to SDUS is a more elaborate visualization of complex flow. The aim 
of this study was to evaluate, whether TOUS perform equal to SDUS for recording velocities in the veins of the lower 
limbs. Four volunteers were recruited for the study. A standardized flow was provoked with a cuff compression-
decompression system placed around the lower leg. The average peak velocity in the popliteal vein of the four volunteers 
was 151.5 cm/s for SDUS and 105.9 cm/s for TOUS (p <0.001). The average of the peak velocity standard deviations 
(SD) were 17.0 cm/s for SDUS and 13.1 cm/s for TOUS (p <0.005). The study indicates that TOUS estimates lower peak 
velocity with improved SD when compared to SDUS. TOUS may be a tool for evaluation of venous disease providing 
quantitative measures for the evaluation of venous blood flow. 
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1. INTRODUCTION & MOTIVATION 
Chronic venous disease (CVD) is an umbrella term spanning venous disorders and affects a quarter of the adult 
population 
1
. CVD presents with symptoms and signs like leg pain, skin changes and venous ulcerations and is defined as 
“morphological or functional abnormality of the venous system of long duration” 2,3. The main diseases of the veins in 
the lower limbs are varicose veins, deep venous thrombosis and post-thrombotic syndrome. Varicose veins are mainly 
caused by venous valve incompetence but can also be due to occlusions in the veins of the lower limbs, the iliac veins 
and/or the inferior vena cava 
4
.  
 
  
 
 
CVD is evaluated with Doppler ultrasound (US) (color Doppler and spectral Doppler US (SDUS)) in a clinical setting 
5
. 
Likewise, can obstruction be assessed by lack of flow with Doppler US. If obstruction is suspected further imaging 
examinations are warranted i.e. computed tomography venography (CTV), magnetic resonance venography (MRV) and 
iodine contrast phlebography. Intravenous ultrasound (IVUS) is an infrequently used method in this context. All these 
can assess the grade of flow restrictions based on anatomical criteria i.e. the maximal degree of narrowing 
6
. 
CTV, MRV and phlebography can all define vein morphology and flow characteristics when restricted flow is suspected 
especially in the pelvic or abdominal veins 
7-9
. The ancient phlebography and the IVUS techniques are complementary 
used for preplanning endovascular venous interventions 
10-12
.  
 
Doppler US, the standard imaging method for imaging CVD, is associated with uncertainty due to the compressibility of 
the veins, and that the estimates are reliant on a beam-flow-angle between 45-60 degrees 
4,13-16
. 
 
Transverse Oscillation US (TOUS) is an angle independent method for estimation of blood flow, introduced by Jensen 
and Munk 
17,18
. Complex flow is more elaborately visualized with TOUS compared to SDUS which is an advantage of 
the technique. The method has been assessed in different regions such as, the portal vein, the ascending aorta and 
arteriovenous fistulas for hemodialysis 
19-22
. Venous flow in lower limbs has only been characterized with vector velocity 
US in a single report using plane wave imaging with an experimental scanner 
23
. 
 
In this study we evaluated the antegrade flow in the popliteal vein of healthy volunteers using TOUS. The aim was to 
evaluate whether TOUS performs equal to SDUS for recording velocities in the veins of the lower limbs. 
 
 
 
Figure 1: (left) Longitudinal scan of the popliteal vein with the TOUS method demonstrating a venous flow pulse. The direction 
and velocity of the venous blood flow are visualized with arrows superimposed on a color map. (right) Longitudinal scan of the 
same popliteal vein with conventional SDUS. A range-gate is placed centrally in the vessel and angle correction is applied. The 
peak velocities are shown for both techniques in the bottom of the figure. 
 
2. METHOD 
Four healthy male volunteers (1: 30 years, 2: 32 years, 3: 32 years, 4: 27 years) were evaluated with SDUS and TOUS 
(Fig. 1). The study was approved by the Danish National Committee on Biomedical Research Ethics and the local Ethics 
Committee (H-1-2014-FSP-072), and the volunteers were included into the study after informed consent.  
  
 
 
The SDUS and TOUS measurements were performed with the same commercial ultrasound scanner (BK3000, BK-
Medical, Herlev, Denmark) using a linear transducer (10L2w Wide Linear, BK-Medical, Herlev, Denmark). A cuff 
compression-decompression system was applied to the leg according to a set-up described by van Bemmelen et al. and 
replicated by others to make sure the blood flow of the veins was standardized 
24-26
 (Fig. 2). 
 
2.1 Spectral Doppler ultrasound 
SDUS is the conventional way of measuring blood flow velocities with US. Pulsating signals are emitted from the 
transducer and consecutive received echoes are compared for blood flow velocity calculations. Doppler US is angle-
dependent because the velocities are estimated in the axial direction in regard to the propagation of the sound waves i.e. 
the direction towards and away from the transducer. The technique does not estimate the velocities in the transverse 
direction i.e. the direction parallel to the transducer. The angle of insonation i.e. the angle between the sound waves and 
the flow of the blood, can be reduced by manually angulating the transducer, which may compress the veins or by 
electronically changing the angle of the emitted sound-wave, which is only possible when scanning with linear 
transducers 
27
. 
 
2.2 Transverse Oscillation ultrasound 
Jensen and Munk have introduced TOUS, which is an angle-independent method for estimation of blood flow 
17,18
. With 
TOUS it is possible to record the velocities of the blood in the axial as well as the transverse direction. The blood 
velocity in the axial direction is found as in conventional Doppler US. The blood velocity in the transverse direction is 
found by changing the apodization of the receiving elements and using a special estimator. The blood flow is visualized 
in a color-box and the pixels are color-coded to demonstrate the direction and velocity. The flow is easily interpreted 
with TOUS, as arrows are superimposed on the color-box, whereby the interpretation of the video-sequence is facilitated 
(Fig. 1) 
27
.  
 
 
 
Figure 2: (left) The experimental set-up with ultrasound examination of the right popliteal vein while the right leg is unsupported and 
the lower leg is compressed with (right) a cuff compression-decompression system. 
 
2.3 The examination set-up 
With a cuff compression-decompression system (Rapid Cuff Inflation System, Hokanson, Bellevue, WA, USA), a single 
flow pulse was generated in the popliteal vein and measurements were performed at the same time. The cuff 
compression-decompression system consists of an air source (AG101), a rapid cuff inflator (E20) including output 
tubing, a 3-second timer and a foot switch. The output tubing was connected to a 13 x 85 cm cuff (SC12D) which was 
applied to the leg. The 3-second timer was customized at the Technical University of Denmark to enable activation of the 
system by the foot switch. The modification was necessary for a single operator to do the measurements.  
 
  
 
 
Before each measurement the volunteer was standing on the opposite leg than the one examined. The examined leg was 
unsupported for one minute prior to the recording of the flow pulse to compensate for the venous refill time 
25
. Intervals 
of 1 minute was used between recordings, because this is the time it takes for the venous system to refill according to 
studies done with plethysmography 
28
. Each volunteer had 10 measurements of the right popliteal vein done with each 
technique. Between each measurement, the transducer was lifted from the skin of the volunteer and the settings of the 
ultrasound scanner were optimized.  
 
Video files were extracted from the US scanner and used to calculate the TOUS peak velocities off-line using MATLAB 
(MathWorks, Natick, MA, USA) with an in-house developed script 
19
. 110 vector velocity frames corresponding to 5 
seconds of data acquisition were used for the velocity estimations. Each video sequence visualized a single venous pulse. 
Using conventional SDUS, the peak velocities were read off-line from screenshots of spectrograms each visualizing a 
single venous flow pulse, using a professional vector graphics editor (Inkscape, C/O Software Freedom Conservancy, 
Brooklyn, NY, USA).  
 
2.4 Statistics 
The descriptive statistics on the contained data for the four volunteers are given in Table 1. The average of the peak 
velocities and the average of the standard deviations were calculated for the four volunteers using both techniques. The 
peak velocities were analyzed with Bland-Altman plot and two-tailed paired t-tests, where p<0.05 was considered 
statistical significant. Microsoft Excel (Redmond, WA, USA) and MATLAB (MathWorks, Natick, MA, USA) were used 
for the statistics. 
 
3. RESULTS 
The compared peak velocities are illustrated with Bland-Altman plot in Fig. 3. The mean difference is 45.56 cm/s and the 
limits of agreements are -32.83 and 126.93. The average peak velocities were 151.51 cm/s for SDUS and 105.94 cm/s for 
TOUS (p <0.001). The average SDs were 23.0 cm/s for SDUS and 14.0 cm/s for TOUS (p <0.005) (Table 1).  
 
  
SDUS 
Mean 
(cm/s) 
SDUS 
SD 
(cm/s) 
TOUS 
Mean 
(cm/s) 
TOUS 
SD 
(cm/s) 
Volunteer 1 128,1 12,7 105,2 9,6 
Volunteer 2 93,6 16,9 83,2 12,8 
Volunteer 3 169,8 20,2 112,4 17,1 
Volunteer 4 214,6 18,2 123,0 12,9 
Average 151,5 17,0 105,9 13,1 
 
Table 1: Mean peak velocity measurements along with standard deviations. 
 
  
 
 
 
 
Figure 3: Bland-Altman plot with mean difference of 45.56 cm/s and limits of agreement from -32.83 to 123.96 for TOUS and SDUS. 
 
4. NEW OR BREAKTHROUGH WORK TO BE PRESENTED 
TOUS implemented on a commercial US scanner estimated venous velocities, and the vector velocity estimates were 
compared to estimates obtained with SDUS.  
 
5. DISCUSSION AND CONCLUSION 
The study demonstrated that TOUS performed better than SDUS for recording velocities in the veins of the lower limbs. 
The mean of the TOUS peak velocities had a significantly lower mean than the corresponding SDUS estimates (Tabel 1). 
The higher SDUS mean may indicate that the SDUS method overestimates the peak velocity.  
 
The measurement of the peak velocity in veins by SDUS has limitations due to spectral broadening which may cause 
overestimation of the estimate 
29
.  Studies have indicated that TOUS underestimates flow velocities 
19-21,30,31
. 
Nevertheless, the lower standard deviation of TOUS compared to SDUS suggests that TOUS is more precise than SDUS, 
which is in accordance with a previous study concerning blood flow estimation in in the carotid artery 
21
.  
 
In this study, the difference in peak velocity increases with higher velocities (Fig. 3). A recent study showed likewise that 
the underestimation of flow velocities increases with increasing velocities in flowrig and in the ascending aorta. For this, 
a compensation scheme was proposed, which could be applied for TOUS estimation of venous flow as well (32). 
  
 
 
Various advantages of TOUS have been demonstrated i.e. peak velocity measurements with little variation, volume flow 
measurements and visualization of complex flow patterns. However, it has also been shown that TOUS underestimates 
peak velocities and volume flow compared to other techniques. 
 
In this study, it is demonstrated that TOUS underestimated the peak systolic velocity (PSV) when compared to PSV 
measurements obtained with SDUS, which is in accordance with previously published work. Pedersen et al. found that 
the PSV in the carotid artery was underestimated by 8% with TOUS compared to SDUS 
21
. In the study by Hansen et al., 
regarding the ascending aorta, it was demonstrated that TOUS underestimate the PSV when compared to transesophageal 
echocardiography (EEG) by 22.9% and the volume flow by up to 43.8% when compared to pulmonary artery catheter 
thermodilution (32). Hansen et al. concluded that TOUS velocity measurements are useful, but TOUS volume flow 
measurements of large vessels with complex flow are not reliably estimated with 2D TOUS (32).  
 
Volume flow measurements with TOUS have also been demonstrated and validated in arteriovenous dialysis fistulas. 
Hansen et al. examined arteriovenous dialysis fistulas in patients with TOUS and the ultrasound dilution technique 
(UDT). It was found that TOUS underestimated velocities by 30-40% depending on the calculation technique 
19
. Brandt 
et al. did similar measurements on arteriovenous dialysis fistulas and found that TOUS underestimated the volume flow 
by 26% compared to UDT 
32
. In both studies, the TOUS measurements had a lower standard deviation when compared to 
UDT 
19,32
. 
 
Hansen et al. has demonstrated that the TOUS technique can be used for evaluation of the flow in the heart by 
intraoperative epicardial scanning. In a study it was demonstrated that TOUS can visualize complex flow patterns and 
that the technique may be used to distinguish between healthy and diseased aortic valves with qualitative and quantitative 
measures 
33
. With the TOUS technique, flow alterations can be graded by recording the flow complexity with 
measurements of vector angle diversity 
20
. In future studies the complex flow patterns in relation to the valves in the 
veins of the lower limbs will be characterized, and flow alterations will be graded with TOUS as proposed previously 
(18). 
 
The results of this article support the results of these previous papers regarding the fact, that there is less variance in 
consecutive recordings with TOUS when compared to other techniques i.e. SDUS and UDT 
19-21,32-35
. 
 
Velocity measurements obtained with SDUS are associated with uncertainty, because of various causes, and are primarily 
used to demonstrate the direction and duration of the flow in the veins of the lower limbs instead of an actual 
quantification 
4
. The flow in the common femoral veins, external iliac vein, internal iliac vein and inferior vena cava are 
routinely examined in situations, where an occlusion in the pelvis or abdomen is suspected. The velocities of the veins on 
each side are compared and if discrepancies are present, an occlusion can be present. A constant flow in the common 
femoral vein indicates a proximal occlusion i.e. in the pelvis or abdomen, as the pulses from the respiratory and cardiac 
motions do not reach the examined vein.  
 
A peak vein velocity (PVV) ratio (Eq. 1) has been proposed by Labropolous et al. for characterizing venous stenosis. It 
has been suggested that a PPV-ratio of 2.5 across a venous stenosis require further examination by other modalities e.g. 
CTV, MRV and phlebography. However, PPV-ratios are not routinely measured in the evaluation of the veins in the 
lower limbs because of few studies in this area and because surgical or intravenous intervention rarely are performed due 
to venous obstructions 
6
.  
 
𝑃𝑉𝑉 𝑟𝑎𝑡𝑖𝑜 =  
𝑃𝑜𝑠𝑡𝑠𝑡𝑒𝑛𝑜𝑡𝑖𝑐 𝑝𝑒𝑎𝑘 𝑣𝑒𝑖𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 
𝑃𝑟𝑒𝑠𝑡𝑒𝑛𝑜𝑡𝑖𝑐 𝑝𝑒𝑎𝑘 𝑣𝑒𝑖𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
     (1) 
 
Nevertheless, PVV-ratios can easily be achieved with TOUS, as all velocities in the image plane are available 
simultaneous making it possible to perform multi-gating and instantaneous velocity ratios pre- and poststenotic as shown 
previously 
33
. 
  
 
 
 
A recent study has shown that velocity measurements, done with Doppler US, were able to discriminate between a group 
of patients with mild venous insufficiency and a group of patients with advanced venous insufficiency. Peak retrograde 
velocities were recorded in sections of the veins where valvular incompetence and reflux were present, demonstrating the 
potential for more precise velocity measurements in the evaluation of patients with venous disorders 
24
. 
 
5.1 Limitations 
The study is limited by the small number of participating volunteers of only one sex and by the fact that the popliteal vein 
has near optimal conditions for evaluation of velocity with SDUS. This means that the advantage of TOUS is not 
demonstrated in the greatest possible degree. When evaluating the femoral vein, the common femoral vein and the 
superficial veins the advantages of TOUS may become more obvious, because of the more parallel course of these veins 
in relation to the surface of the skin, which will challenge SDUS measurements as an acceptable insonation angle is 
difficult to achieve without compression of the examined vein. 
 
5.2 Conclusion 
The study indicates that TOUS estimates lower peak velocity with improved standard deviation when compared to 
SDUS. TOUS is an angle independent and real time blood vector velocity method, which can provide precise peak 
velocity measurements of the antegrade flow in the veins of the lower limbs. Flow alterations and complex flow patterns 
are not achievable with conventional Doppler US and might, as well as the peak velocities, be of value in evaluation of 
venous disease of the lower limbs.  
 
The authors of this article are planning a study on a larger population, in which patients will have antegrade velocity 
measurements done in the popliteal vein as well as in the femoral vein in the mid-thigh region. Because the femoral vein 
has a location which is parallel to the surface of the skin, it is expected that the antegrade velocity measurements will be 
more precise with TOUS when compared to SDUS. 
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